Spoof surface plasmon polaritons (SSPPs) fed open-loop elements without a metallic ground plane are investigated for the SSPPs-based antenna design. By employing a straight SSPPs section close to the open end of the loop as the feed, the one-wavelength and one-and-a-half-wavelength modes of the openloop are excited effectively, which can generate radiation fields with orthogonal polarizations. Based on the open-loop arrays operating in different modes, two Ka-band SSPPs-fed leaky-wave antennas with frequencyscanning in the H-or E-plane are then designed, fabricated and measured. Wide impedance bandwidths, stable gain of around 13 dBi and radiation efficiency of higher than 70% are confirmed experimentally. The studies in this letter provide a new means to adjust the polarization features of the SSPPs-fed antennas.
I. INTRODUCTION
Spoof surface plasmon polaritons (SSPPs) are a kind of surface waves propagating along the metallic interface loaded with periodic holes, slits, or blocks in the microwave regime, which can mimic the characteristics of conventional surface plasmon polaritons (SPPs) existing in the optical frequencies [1] , [2] . Due to the advantage of highly localized electromagnetic fields and the single-conductor geometry [3] - [7] , the SSPPs transmission lines have attracted growing attention in the design of antennas recently [8] - [23] .
The first type of SSPPs-based antennas consisted of a section of the gradient SSPPs, which operated as a radiating structure directly to fulfill end-fire radiation [10] , [11] . For the second kind of SSPPs-based antennas, the SSPPs were employed as feeds of antenna elements or arrays. By adopting a pair of SSPPs as a balanced feed line, SSPPs fed Yagi and tapered slot antennas were investigated in [8] and [9] . Unidirectional or bidirectional end-fire radiation has been realized separately. In order to enhance the gain further, several antenna arrays with SSPPs based feed network were reported.
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Patch arrays with or without a ground plane and the dipole array were arranged in the vicinity of a SSPPs transmission line such that the guided wave can be coupled to these parasitic radiating structures gradually [12] - [19] . Fixed broadside radiation or frequency-scanning features have been achieved successfully. Apart from the aforementioned two sorts of designs, the SSPPs can be used as the radiation and feed structures simultaneously as well in the SSPPs-based array designs, by periodically modulating the dimensions of the unit cells composing the SSPPs, including the width of the U-shaped particle and the depth of the corrugated metallic strip [20] - [24] . According to the above discussions, it is observed that only a minority of the radiating structures that have been well developed in conventional antenna design can be fed by the SSPPs. Moreover, the polarization characteristics is still seldom addressed for the SSPPs-based antennas.
In order to overcome the challenges existing in the design of SSPPs-based antennas, a new method of utilizing the SSPPs to feed an open-loop structure is investigated in this paper. Different from the open-loop resonator widely used in the filter design, the metallic ground plane is removed in this design and thus the open loop works as a radiator effectively. It is found that both the Fig, 1 , two SSPPs to microstrip line transitions that was investigated previously in [25] are connected with the SSPPs for antenna measurement. The dimensions of the transitions and the SSPPs units are same with those given in [25] . In this paper, the antenna is designed in Ka-band. As will be analyzed in Section III, the polarization features can be adjusted by selecting the circumference of the openloop antennas properly.
III. ANTENNA DESIGN A. SSPPS-FED OPEN-LOOP ANTENNA ELEMENT
A feeding method of using the SSPPs parallel to the side of the loop with the open end is proposed for the antenna design. One-wavelength and one-and-a-half-wavelength open-loop elements at 30 GHz are investigated with the help of a commercial full-wave electromagnetic wave simulator Ansys HFSS [26] , whose dimensions are listed in Table 1 . Simulated current distributions on the two types of openloops fed by lumped ports and the SSPPs are illustrated in Fig. 2 (a) and (b) and Fig. 3 (a) and (b), respectively. Reasonable agreements between the idea case and the one with SSPPs feed indicates that the one-wavelength and one-and-ahalf-wavelength modes can be excited effectively by applying the proposed feed scheme. Besides, the slightly asymmetric The current distributions on the two open-loops are then analyzed. As illustrated in Fig. 2 (a) , for the one-wavelength mode, the in-phase electric currents concentrate on the left and right sides of the loop, which can radiate effectively. The currents on the left portions of the top and bottom sides of the loop are out of phase in comparison with the counterparts at the right portions. Moreover, the currents on the two sides are out of phase as well and relatively weak. Therefore, there would be no significant radiation caused by the two sides of the loop. The simulated radiation pattern in yozplane of the open-loop fed by the lumped port is presented in Fig. 2 (c) . As expected, the co-polarization is parallel to the left and right sides of the loop, which indicates that the yoz-plane is the H-plane of the antenna. An almost omnidirectional radiation can be achieved in this plane due to the short side length of the loop equal to a quarter-wavelength. On the other hand, for the one-and-a-half-wavelength mode, the currents on the top and bottom sides of the loop are in phase, while the currents on the left and right sides are out of phase. Therefore, the radiation caused by the currents on Fig. 5 where p is the period of the SSPPs unit, the simulated dispersion curve of the fundamental mode of the SSPPs-based transmission line, i.e. m = 0th space harmonics locates at the right of the light line and deviates from it as the frequency rising, which indicates that the SSPPs is a kind of slow wave. In addition, the cutoff frequency of the designed SSPPs-based transmission line is about 50 GHz. According to the Bloch-Floquet theorem [27] , the periodic perturbation caused by the open-loop structures can generate a series of the space harmonics. The propagation constant k m of the mth space harmonic is given by
where k sspp is the propagation constant of the m = 0th space harmonic. Hence, the higher order space harmonics within the fast wave region would lead to radiation effectively. For the leaky-wave antenna based on the −1st harmonic, the propagation constant of the −1st harmonic should be in the fast wave region in the operating band of the antenna, while the propagation constants of the other harmonics are in the slow wave region. Considering the operating frequencies of around 30 GHz and k sspp obtained from the simulation, the value of d can be determined by using the formula (1). In this design, the period of the open-loop antenna d is set to 5.1 mm. The dispersion curves of the spatial harmonics obtained from (1) A parametric study on the distance h between the openloop array and the SSPPs is then implemented to ensure that the major portion of input power can be radiated and the radiation characteristics are stable throughout the operating band. The length of the antenna l is fixed to 110 mm, corresponding to ten wavelengths at 28 GHz. As shown in Fig. 6 (a), |S 11 | of the antenna array does not change significantly and the promising impedance matching can be maintained for h varying from 0.9 to 1.5 mm. On the other hand, consistent with the results of a single open-loop antenna with SSPPs feed, the simulated |S 21 | of the array is sensitive to h. A small value of h results in a lower |S 21 |. Furthermore, it is seen in Fig. 6 (b) that the peak realized gain is relatively low for a small value of h because the large insertion loss of the open-loop element reduces the effective length of antenna. However, due to decrease in the radiation efficiency of the antenna array, the gain property is also not desirable when h reaches 1.5 mm. Based on the analysis above, h = 1.3 mm is finally selected in the array design to realize the high and stable gain throughout the operating band. Detailed values of dimensions of the two arrays are listed in Table 2 .
IV. RESULTS AND DISCUSSION
Fabricated prototypes of the proposed SSPPs-fed leaky-wave open-loop arrays with connectors are exhibited in Fig. 7 . The S-parameters of the antenna arrays were measured by a millimeter-wave band Agilent Network Analyzer E8363C with two ports. A far-field measurement system was adopted to test the radiation performance. The gain of the arrays was obtained by comparing with a Ka-band standard gain horn. Fig. 3 . The measured cross polarizations shown in Fig. 9 (b) and (c) are almost less than −10 dB, which demonstrates the operating mechanism of the SSPPs-fed open-loop antennas investigated in Section III-A.
As shown in Fig. 10 (a) , the measured maximum gain of the one-wavelength open-loop array is up to 14 dBi and stable across the operating band, which agrees well with the simulated one. Besides, as the radiation beam is close to the backward end-fired direction and the beamwidth is wider, the gain of the antenna is relatively low at 24 GHz. By comparing the measured gain with the simulated directivity, the estimated radiation efficiency of the leaky-wave array is about 83% at the center frequency. The measured and simulated peak gains of the one-and-a-half-wavelength openloop array are in a good agreement as given in Fig. 10 (b) . The gain is also stable over the operating band.
B. COMPARISON AND DISCUSSION
The geometry features and performance of the reported and proposed SSPPs-fed leaky-wave antennas are summarized in Table 3 . In order to enhance the radiation efficiency, a normalized length of about or larger than 10λ 0 is adopted by all the designs, where λ 0 is the wavelength at the center frequency of the operating band. Promising efficiency is obtained by the open-loop arrays even though they operate at millimeter-wave frequencies, which verifies the low-loss properties of the SSPPs. In terms of radiation features, the frequency-scanning in the E-or H-plane can be realized by different types of periodic modulation on the SSPPs. However, only the frequency-scanning in the E-plane is achieved by the reported SSPPs-fed leaky-wave arrays, which results from the lack of method to adjust the polarization of the SSPPs-fed elements. With the aid of the proposed feeding scheme, radiation modes with different polarization characteristics can be excited on the open-loops fed by the SSPPs. By this means, the frequency-scanning in both the E-and H-planes is obtained by this work. 
V. CONCLUSION
The open-loop radiators without the ground plane fed by the straight SSPPs close to the side with the open end have been presented. The one-wavelength and one-and-ahalf-wavelength modes of the open loop can be excited successfully to generate the radiation fields with orthogonal polarizations. Based on the novel SSPPs-fed elements operating in different modes, two leaky-wave open-loop antenna arrays are designed in Ka-band to realize the frequency-scanning in the E-or H-planes. Wide impedance bandwidths and stable gain features have been confirmed experimentally. With advantages of good radiation performance and the simple geometry, the proposed designs may find possible applications in future millimeter-wave wireless communication systems.
